We study the stability of globular proteins as a function of temperature and pressure through NPT simulations of a coarse-grained model. We reproduce the elliptical stability of proteins and highlight a unifying microscopic mechanism for pressure and cold denaturations. The mechanism involves the solvation of non-polar residues with a thin layer of water. These solvated states have lower volume and lower hydrogen-bond energy compared to other conformations of non-polar solutes. Hence, these solvated states are favorable at high pressure and low temperature, and they facilitate protein unfolding under these thermodynamical conditions. Native protein conformations are only stable within a narrow range of thermodynamical conditions, unfolding at low and high temperatures as well as under pressure [1][2] [3] [4] [5] [6] . Unfolding at high temperatures is commonly exemplified by albumin (the main constituent of egg white), which denatures irreversibly when heated conveying color and texture to boiled eggs. Low-temperature unfolding, i.e., cold denaturation, has been empirically verified for many proteins [7] [8] [9] , and its understanding is emerging as a consequence of the states assumed by shell water, i.e., water molecules in the vicinity of the protein [10] [11] [12] [13] [14] [15] [16] [17] [17] [18] [19] [20] . In 1914, Bridgman first demonstrated pressure denaturation by "cooking" an egg using pressure (5000-12,000 atm) solely (no heat) [21] . While high temperature unfolding is well understood, the microscopic mechanisms for the other two transitions are still under debate despite recent progress [11, 22, 23] . Understanding the microscopic forces leading to these transitions is crucial to grasp the limits under which proteins can function in cells and to design new stable folds.
Native protein conformations are only stable within a narrow range of thermodynamical conditions, unfolding at low and high temperatures as well as under pressure [1] [2] [3] [4] [5] [6] . Unfolding at high temperatures is commonly exemplified by albumin (the main constituent of egg white), which denatures irreversibly when heated conveying color and texture to boiled eggs. Low-temperature unfolding, i.e., cold denaturation, has been empirically verified for many proteins [7] [8] [9] , and its understanding is emerging as a consequence of the states assumed by shell water, i.e., water molecules in the vicinity of the protein [10] [11] [12] [13] [14] [15] [16] [17] [17] [18] [19] [20] . In 1914, Bridgman first demonstrated pressure denaturation by "cooking" an egg using pressure (5000-12,000 atm) solely (no heat) [21] . While high temperature unfolding is well understood, the microscopic mechanisms for the other two transitions are still under debate despite recent progress [11, 22, 23] . Understanding the microscopic forces leading to these transitions is crucial to grasp the limits under which proteins can function in cells and to design new stable folds.
Hydrophobic interactions are linked to protein stability [24] [25] [26] [27] . In particular, a decrease in the strength of hydrophobic interactions upon cooling has been associated with cold denaturation. At the molecular level, this is due to the stronger hydrogen-bonding capacity of shell water compared to bulk water [28] [29] [30] . Hence, unfolding, which increases the amount of shell water in the system, leads to a decrease in hydrogen-bond energy (enthalpy) and is therefore favored at low temperatures [11] . Hydrophobic interactions have also been associated with pressure denaturation as simulations showed that solvated configurations of non-polar compounds became increasingly more favorable with increasing pressure [31] [32] [33] . Pressure, therefore, squeezes water molecules inside the protein core, solvating hydrophobic residues with a single layer of water [31, [34] [35] [36] . However, hydrophobicity cannot explain volume changes measured during protein unfolding [37] . They are either positive [40] or negative [39, 40] at small pressures, and invariably negative at high pressures [41] . In contrast, the transfer of non-polar solutes (e.g., methane) from a nonaqueous hydrophobic solvent to water accounts for a large negative volume change at low pressure [42] [43] [44] [45] [46] . This volume change increases with applied pressure becoming positive at approximately 1500-2000 atm [46] . Thus, the liquid hydrocarbon model, which describes unfolding by the transfer of non-polar residues into bulk water, gives not only wrong magnitudes for volume changes of unfolding but also a wrong sign [47] [48] [49] .
This discrepancy could be explained by the fact that the liquid hydrocarbon model does not consider the connectivity between non-polar residues in proteins [24] . In fact, geometry imposes constraints on allowed distances between residues along secondary protein structures (β-sheets and α-helices). These constraints inhibit non-polar residues from being completely solvated (bulk hydrophobicity) and in β-sheets favor solvent-separated configurations (ssc), i.e., configurations in which these residues are separated from each other by a single layer of water molecules [50] [51] [52] [53] 79] . Solvation properties of ssc differ from those of non-polar aggregation predicted on the basis of bulk hydrophobicity: ssc formation (i) is driven by enthalpy (instead of entropy), (ii) becomes favorable (instead of unfavorable) with decreasing temperature and increasing pressure [54] [55] [56] , and (iii) has a negative volume compared to other configurations [57] . In light of these results, a possible scenario for pressure and cold denaturation is that tertiary hydrophobic contacts disrupt in favor of ssc. In this process, proteins are released from their biological functions, and at high pressures and/or low temperatures, unfolded structures retain part of their native secondary structures. This mechanism agrees with experimental results that have shown unfolded states at high pressure [4] and low temperature [58] to remain globular, although swelled, and to retain some secondary structures [38, 59] .
To test the suggested scenario we use a bead-spring model to mimic hydrophobic proteins and the twodimensional Mercedes-Benz model (MB) for water [60] [61] [62] . Two [11, [63] [64] [65] and three [55, 60, [66] [67] [68] [69] dimensional versions of the MB model have been shown to reproduce the properties of water and the solvation of small compounds. We show that the elliptical stability of proteins emerges naturally as a function of pressure and temperature. Furthermore, the volume of the system and the hydrogen-bond energy of shell water decrease when the protein unfolds at high pressure and/or low temperature. We identify ssc formation as the main cause of this phenomena and rationalize cold and pressure denaturation in terms of the non-polar dimer model. The proposed unifying mechanism is possible because ssc formation accounts for an overall decrease in volume [57] and enthalpy [54] [55] [56] 63] .
Here, we summarize the main features of the MB forcefield and refer the readers to reference 61 for a detailed mathematical description. The interaction between MB molecules occurs through a combination of Van der Waals and hydrogen-bond energies. Van der Waals interactions are described by 12-6 Lennard-Jones potentials with binding energy ww and distance parameter σ ww . To account for hydrogen-bonds, MB molecules are assigned three rigid arms resembling the logo of a MercedesBenz car. An hydrogen-bond between molecules i and j is described by the product of three Gaussian functions of width σ. These functions are determined such that they favor configurations in which the distance between molecules i and j is R h and one arm of both molecule i and j is aligned with the line joining the two centers of mass. When these conditions are satisfied, the hydrogenbond energy is -H . The mass of water is set to one and 1/10 of the total mass is set at each arm's extremity at a distance R arm = 0.36 R h from the center of mass [11, 70] .
The protein is modelled by beads attached by springs with equilibrium distance R s and stiffness K s . Nonadjacent beads along the backbone are characterized by Lennard-Jones potentials with binding energy mm and distance σ mm . Interactions between beads and MB molecules are described by Lenard-Jones potentials with binding energy mw and distance σ mw . Beads are set to be ten times heavier than water molecules.
All Lennard-Jones potentials are shifted such that the force becomes zero at the cut-off distance R cutoff = 2.5 R h [71] . The set of parameters used in this work (see table I ) have been shown to reproduce different properties of water and its solvation properties [11, 61, 63] .
Energies, distances, and time are given in units of h , R h , and τ o = ww /M w σ 2 ww , respectively. Pressure is given in units of h /R 2 h . In this work, we perform Langevin-dynamics in the isothermal-isobaric ensemble [72] sures. At all pressures, R gy has a parabolic-like shape indicating that the protein model is maximally compact at intermediate temperatures (∼0.20) and that it extends gradually as the system is heated up or cooled down [73] . Furthermore, as shown in Fig. 1(a) , increasing pressure increases the temperature at which the protein is maximally compact (minimum R gy ) [74] . Each colored square in Fig. 1(b) represents the average radius of gyration of a simulated thermodynamic condition. Contour lines along three values of R gy are also shown. The compactness of the protein remains constant along contour lines, and the protein swells as R gy increases. States of similar compactness have an elliptical dependence on temperature and pressure. This characterizes the stability of real proteins [1-3] and allows for heat, cold, and pressure denaturations, which are indicated by arrows in Fig. 1 . According to Le Chatelier's principle, increasing pressure favors configurations that occupy a small space while decreasing temperature favors low enthalpic configurations. Since these pressure and temperature changes fa- Fig. 1 . Error bars were computed using the block average method [76] .
vor unfolded states (see Fig. 1 ), extended protein configurations should have a low area and a low enthalpy. This is verified from Fig. 2 , which shows the dependence of Voronoï areas and hydrogen-bond energies on the radius of gyration of the protein at different pressures and temperatures. In Fig 2, A(R gy ) corresponds to the average Voronoï area [77] per molecule of protein plus shell water. We define shell water as being all MB molecules that are within a distance of 2.5 (in units of R h ) from the protein.
A Voronoï tessellation is illustrated in Fig. 3(a) . Voronoï areas of bulk water do not change significantly during unfolding, and therefore, they are not used in the calculation of A(R gy ) . Furthermore, to compare changes in area at different pressures and temperatures, A(R gy ) is normalized using the largest average area A o under the given thermodynamic conditions. At low temperatures, the unfolding of the protein leads to a sharp decrease in the space occupied by the system (panels a and b). At higher temperature, panel (c), unfolding accounts for a timid space contraction. Hence, increasing pressure at both high and low temperatures will favor protein unfolding because this leads to smaller areas, however, space contraction during unfolding is more pronounced at low temperature and/or high pressure. Fig. 2 shows a decrease in enthalpy that occurs upon unfolding at low temperatures. We compute the hydrogen-bond energies involving bulk water E bb and shell water E ss , and we average these quantities over protein conformations that have the same radius of gyration. Fig. 2 shows the ratio between these quantities: E bb / E ss . At all temperatures, E ss is less favorable than E bb when the protein is folded (small R gy ). However, this trend changes abruptly when the protein unfolds (large values of R gy ) at low temperatures and high pressure (panels a and b): E bb / E ss < 1. Hence, it is enthalpically favorable to unfold the protein at low temperatures and high pressures because this increases the number of shell water molecules in the system that have lower hydrogen-bond energies than bulk water molecules. On the other hand shell water molecules do not form better hydrogen-bonds than bulk water molecules upon unfolding at high temperature (panel c).
Hence, there is no enthalpic advantage to unfold proteins at high temperature. Fig. 3 shows the characteristic configurations of compact (left column) and extended (right column) states of the hydrophobic protein at different conditions: HP (panels a and b), LT (panels c and d), and HT (panels e and f). Under every condition, folded protein configurations are characterized by shell-water molecules that have at least one unsaturated hydrogen-bond arm pointing towards the protein (panels a, c, and e). This explains why E bb / E ss > 1 for the low values of R gy in form clathrate (cage-like) structures around residues at distances corresponding to ssc. In these conformations, all water hydrogen-bond arms are saturated. This explains why E bb / E ss < 1 for the large values of R gy in Fig. 2(a-b) . Cage-like structures are also present in unfolded protein conformations at high temperatures (panel f) but they occur mostly at residue distances different from ssc. Hence, most cages are incomplete with dangling hydrogen-bond arms left in the protein interior. This explains why E bb / E ss > 1 for the high values of R gy in Fig. 2(c) . Hence, ssc is common to both cold and pressure denaturations. To study its properties, we observe the potential of mean force (PMF) of two non-polar solutes as a function of their distances (ξ) at different temperatures (Fig. 4(a) ) and pressures (Fig. 4(b) ). The PMF corresponds to the free energy required to bring the two solutes from an infinite distance to a distance ξ. In this study, the two solutes (defined by σ mm = 1.1 and mm = 0.2) are immersed in 254 MB molecules, and NPT Langevin-dynamics are performed to compute their radial-distribution function (ρ(ξ)). The PMF is given as: PMF(ξ) = −kT log(ρ(ξ)). The distances between solutes is preferred when they are in contact (ξ ≈ 1.05) and solvent-separated (ξ ≈ 1.8) [78] . As temperature decreases (panel a), the PMF at cc increases while the PMF at ssc decreases. In other words, cc is destabilized in favor of ssc when the system is cooled down. These results have also been reported in simulations using atomistic water models [54, 56] and the MB model [55, 63] . A similar trend is also observed in panel b which shows that pressure destabilizes cc in favor of ssc. This result agrees qualitatively with NVT simulations using SPC/E [31] , TIP3P [32] water models, and NPT simulations using TIP4P water models [79] . Panel (c) shows that the area occupied by the whole system depends on the distance between solutes. Under each pressure, the system occupies a smaller space when the solutes are at ssc. This result again agrees with extensive simulations using the TIP4P water model [57] and with simulations using the 2DMB model reported by another group at P = 0.19 [63] .
In summary, we have shown that hydrophobic interactions can account for cold and pressure denaturations through formations of ssc. They explain the (i) elliptical stability of proteins as a function of pressure and temperature, (ii) decrease in the volume of the system during unfolding at elevated pressures, and (iii) decrease in enthalpy at low temperatures. Some secondary structures, e.g., β-sheets, are not expected to be disrupted by ssc because the distance between residues in ssc matches the periodicity of these conformations [50, 79] . Hence, our results support the view that pressure and cold denaturations are driven by the hydration of the non-polar protein core by a thin layer of water, leaving part of the secondary structures conserved. The proposed microscopic mechanism provides a unifying explanation for why proteins unfold at high pressure and low temperature. Although we studied protein stability in 2D, ssc is a general solvation state which has been observed in simulations of small non-polar compounds [78] and α-helical surfaces embedded in atomistic water models [27] . Furthermore, changes in the free energy (PMF) of ssc with respect to pressure and temperature in all-atomic 3D simulations are similar to the ones observed in Fig. 4 (a-b) [31, [54] [55] [56] 79] . Hence we expect ssc formation to contribute to protein unfolding at low temperature and high pressures in 3D systems.
I. ACKNOWLEDGMENT C.L.D. would like to thank Martin Grant for hosting his staying at McGill University during the elaboration of this work, and Markus Miettinen for insightful discussions. This work was supported by the Volkswagen Foundation (C.L.D.). We are also grateful for the computing resources provided by SHARCNET (www.sharcnet.ca) of Compute Canada.
[1] S. A. Hawley, Biochemistry 10, 2436 Biochemistry 10, (1971 .
[2] A. Zipp and W. Kauzmann, Biochemistry 12, 4217
